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Abstract-A survey has been made of the electrical conductivity and optical transmission properties 
of a number of stannic oxide crystals cut from Bolivian cassiterite. A fundamental optical energy gap, 
EQ 3 3.54 eV with a thermal shift of - 6 x 10-4 eV/“K has been determined from the short wave- 
length cutoff. A sharp absorption at 3.07 p has been attributed to the presence of O-H groups 
oriented in a plane perpendicular to the c-axis of the crystal. A simple single-level, wide bandgap 
analysis was applied to the conductivity and Hall data in the temperature range 100” to 500°K 
yielding a major donor activation energy of approximately 0.7 eV for samples containing 1014-101s 
carriers/cm3 at room temperature. Hall mobilities vary from 10 to 300 cmz/V set with effective 
masses and donor densities estimated near 0.8 m and 10zo cm-3, respectively. Note is made of com- 
parable parameter values observed by other investigators in film and powder specimens. No p-type 
conduction has been observed. It is concluded that stannic oxide is a broad-band semiconductor 
unlike the structurally similar material, rutile, which exhibits narrow 3d-band conduction. 

INTRODUCTION 

STANNIC oxide, SnOa, is one of more than twenty 
assorted oxides and fluorides listed by WYCKOFF(~) 

as crystallizing in the tetragonal rutile structure. 
As such it belongs to the structural space group 
P4lmnm and contains two molecules per unit cell. 
Studies of the semiconductor properties of materi- 
als in this structural group have been largely re- 
stricted to the prototype compound, TiOa,‘2J) for 
which it has been reasonably well established that 
extrinsic conduction based on reduction or the in- 
troduction of pentavalent and hexavalent impuri- 
ties occurs by means of high effective mass elec- 
trons in a narrow 3d-hand.(4) Intrinsic conduction 
has been observed above 800°K with an indicated 
energy gap of 3.05 t_ O-1 eV. 

An interesting possibility for a different con- 
duction mechanism is presented by stannic oxide 
with the 595~2 atomic configuration possessed by 
the metallic constituent. It seems reasonable to 
expect that this material would show a more con- 
ventional broad-band conduction pattern com- 
parable to that exhibited by zinc oxide(5) rather 
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than one based on an unfilled inner shell 
structure(s) and hence it should provide a fruitful 
comparison material for studying the relative im- 
portance of crystal structure and metallic con- 
stituent to the determination of electrical proper- 
ties. 

Previous work on stannic oxide has been essenti- 
ally limited to thin films(7y 8, 9~10) and pressed or 
sintered powder samples.(ll* 1% 1s) The measure- 
ments discussed here were performed on crystalline 
samples of the mineral, cassiterite, in an effort to 
reduce the extraneous difficulties which arise from 
the presence of grain boundaries, inhomogeneities, 
and large surface-to-bulk ratios found in previous 
study specimens. It is the purpose of this report 
to provide a general survey of the results to date 
and to help identify important areas of investi- 
gation for further concentrated study now that 
synthetic crystals have become available.(l4* 15) 

SAMPLES 

The samples used in this investigation were cut 
from natural crystals of Bolivian cassiterite which 
normally contain impure, discolored sections and 
smaller clear portions. Efforts at orientation were 
sacrificed in order to obtain workable-sized clear 
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specimens of maximum homogeneity which were iron to be the most important impurities present 
several mm in length and width and fractions of a with estimated maximums of 4 per cent. 
mm thick. However, polarizing microscope studies 
showed that the c-axis usually lay near the plane OPTICAL TRANSMISSION 

of the broad crystal face although not necessarily An example of the lack of homogeneity within 
along the direction of conductivity measurement. large natural crystals is shown in Fig. 1. Sample 

Different amounts of natural color were ob- SIA was cut off the top of a crystal furnished by 
served in the samples used, three general groups the Smithsonian Institutiont and Sample SII 
being evident: (a) colorless, transparent specimens, from directly beneath with no change in orienta- 
some of which took on a milky appearance due to tion being evident. With reference to the color 
surface or internal flaws, (b) transparent speci- groupings described in the previous section, SIA 
mens showing a yellowish-orange tinge in varying falls into group (c) and SII into group (a). 

SAMPLE SII - 
SAMPLE SI-A - - - 

i I 
0 I 2 3 4 5 6 7 8 

WAVELENGTH, ,u 

FIG. 1. Optical transmission of two cassiterite specimeks. 

degree, and (c) clear, transparent specimens 
exhibiting a grayish tinge when compared to those 
listed under group (a). Room temperature con- 
ductivities were predictable on the basis of these 
colors with this parameter increasing in value from 
group (a) to group (c). In order of magnitude, the 
values observed varied from 10-s to 101 Q-1 cm-l. 
AI1 samples were n-type throughout the tempera- 
ture range investigated and guard ring measure- 
ments of the surface-to-bulk conductivity ratio 
indicated a bulk conductivity analysis was appro- 
priate. A spectroscopic analysis of impure scrap 
sample material* showed silicon, aluminum, and 

*Analysis by The Bruce Williams Laboratories, 
Joplin, Missouri. 

While the only other crystalline sample studied 
which showed transmission characteristics similar 
to that of SIA was an accidental artificial crystal 
from the lining of a tin smelter,$ MILOSLAVSKII(~~) 
has reported rapid increases of absorption near 2 p 
in thin film samples formed by pyrolytic decompo- 
sition of tin chloride vapors. Conductivities of 
these films were of the same or higher orders of 
magnitude than those observed in SIA and were 
presumed due to excess tin and/or replacement of 
oxygen by chloride ions. 

The transmission characteristics of SII are 
rather typical of those observed in the host of 

___- 
t Smithsonian Institution catalogue number R-8034. 

$ Furnished by R. Weil, Laboratoire De Minerilogie 
et Wtrographie, UniversitC De Strasbourg. 
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specimens which can be classified as belonging to 
color groups (a) and (b). The three most evident 
features of this representative optical transmission 
pattern are the short wavelength cutoff near 0.350,~~ 
the sharp absorption at 3.07 t.~ and the long wave- 
length cutoff beyond 7 p. These will be discussed 
in order. 

1. Short wavelength cutosf 

For samples having thicknesses of the order of 
4 mm, the shortest wavelength at which trans- 
mission was detectable was measured to be 0*35Op. 
Based on the rapid increase of absorption constant 
in this region, a lower limit for the optical for- 
bidden energy gap, && of 3-54 eV is implied, in 
relatively good agreement with the value of 
3.44 eV obtained from the maximum of the 
photoconductivity spectral response curve.(17) 

The shift of the cutoff with temperature was 
measured for several typical specimens in the 
temperature range from 80°K to 415°K and an 
average value for dEo/dT of -6 x lo-4 eV/“K 
obtained. Linear extrapolation to 0°K leads to an 
absolute zero optical energy gap of approximately 
3.7 eV. 

For purposes of comparison, the values of & 
and dEo/dT obtained by CRONEMEYER@) for 
titanium dioxide are 3.05 eV and -9.5 x 10M4 
eV/‘K and by MOLLWO et aI. for zinc oxide, 
3.2 eV and - 9.5 x 10-4 eV/“K. 

2. resorption at 3 -07 I_L 

All sampfes which transmitted light beyond 
2.5 p showed a sharp absorption at 3.07 p. An 
additional absorption dip usually appeared on the 
short wavelength shoulder at 2.98 p although it 
had a variable intensity from sample to sample, 
being almost imperceptible for specimens at the 
low end of the conductivity range studied and 
greatly enhanced for those of higher conductivity. 

Trans~ssion in this wavelength region was 
also observed under polarized light. The main 
and satellite absorptions disappeared when the 
observed light was polarized parallel to the crys- 
talline optic axis. Similar optical absorptions have 
been observed both in rutile(rsJ and in quartz(as) 
and have been rather definitely attributed to 
absorption by O-H stretching vibrations. The 
above results imply that O-H groups are also 
present in natural stannic oxide-presumably 

having been introduced during a natural hydro- 
thermal growth process-and that they are 
oriented in a plane perpendicular to the c-axis 
of the crystal. 

3, Long wawekzgth cut-ofl regim 

Normal specimens belonging to color groups 
(a) and (b) showed an apparent cutoff at wave- 
lengths ranging from 7.2 to 7.3 p. As is evident 
from Fig. 1, this is the edge of a sharp absorption 
with a slight transmission having a maximum at 
7.55 p reappearing beyond this point in the 
thinner samples. The maximum cutoff observed 
to date is 8.62 p in the thinnest sample used. Since 
the absorptions have been observed on a variety 
of crystals and show a dependence upon the pdari- 
zation of the observed light, it appears likely that 
they are subsidiary bands of the main lattice 
absorption. This is further reinforced by the 
observation(a) that the cutoff for rutile is in the 
same wavelength region. 

ELECTRICAL CoNDuCTIvI!rY AND HALL 
EPPECT 

Figure 2 gives the results of conductivity 
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FIG. 2. Typical conductivity vs. reciprocal temperature 
data. 
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measurements on three cassiterite specimens in 
the temperature range from 100°K to 500°K. As 
mentioned previously, Sample XIX belongs to 
color group (b). On the other hand, Samples IX 
and XVIII can be classified in group (a). 

Based on a relation of the form o = GO 
exp( - c/2 KT), the conductivity activation energy, 
E, shows a value of 0.72 eV in the straight line 
portion at higher temperatures for all three 
samples. This compares favorably with the value 
of 0.77 eV calculated from the data of FoEX(~~) for 
pressed samples of stannic oxide powder prepared 
by the oxidation of tin with nitric acid, followed by 
a heat treatment in air at 1200°C. FOEX’S room 
temperature conductivities were three to four 
orders of magnitude below those reported here. 
For thin film samples with conductivities four to 
five orders of magnitude above those reported 
here, MILOSLAVSKII(~~) calculates an activation 
energy of 0.12 eV in the same temperature range. 
Degeneracy and impurity band formation are 
described as factors in the latter case. 

To provide information concerning charge 
carrier densities and mobilities, Hall effect 
measurements were carried out simultaneously 
with the conductivity runs. A simple, two-probe 
Hall circuit was used. Problems in maintaining 
good contact to the Hall probes with an indium- 
gallium amalgam effectively limited the range of 
usable Hall data to 0°C and above. Although 
samples were maintained at elevated temperatures 
for tens of hr during the measurements, datum 
points taken upon increase and decrease of tem- 
perature showed excellent reproducibility. 

The trend of Hall mobility (Ro) values with 
temperature is given in Fig. 3. It should be noted 
that the high temperature mobility variation is not 
greatly different from the T-r.5 dependence to be 
expected from a simple lattice scattering mechan- 
ism. For Sample XIX, the increase in mobility 
with decreasing temperature extended well be- 
yond the leveling-off point in the conductivity 
curve. The rapid decrease for Sample IX below 
100°C may be associated with the presence of 
visible interior flaws. 

In an attempt to provide insight into the energy 
level characteristics of these specimens, a classical, 
wide bandgap, single-level semiconductor analysis 
was applied to the Hall data. On this basis the 
high temperature slope of the log RT314 plot vs. 
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FIG. 3. Hall mobility vs. reciprocal temperature. 

l/T should give the donor activation energy/2, 
assuming that the Fermi level is several kT above 
the impurity levels with only a small fraction of 
the donors ionized and that if another donor level 
is present much nearer the conduction band, the 
number of conduction electrons it furnishes is 
small compared to those being excited from the 
lower level. A further assumption of small varia- 
tion of the Fermi level energy with temperature 
in the region of interest allowed estimates to be 
made of the donor density and the density-of- 
states effective mass for which no independent 
measure was available. 

While it is not suggested that this calculation 
permits a high degree of accuracy in the deter- 
mination of mc and Na, it is felt to be justified for 
establishing orders of magnitude. Values of the 
parameters of interest are given in Table I. The 
conductivities, Hall mobilities and carrier densities 
listed are for room temperature. It may be noted 
that MILOSLAVSKII and LYAWENKO(~~) have also 
reported fractional effective masses calculated 
from the optical constants of their thin film 
samples. Their values are lower by a factor of 
approximately three. 
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The foregoing analysis was based upon the observations on syntheric material. This will be 
presence of donors alone. An alternative approach particularly true, of course, for oxygen-deficient 
is necessary if the donors are largely compensated and highly doped specimens. 
by acceptors. Here the slope of the log RTW vs. Some degree of success has been achieved in 
l/T curve would be used to obtain magnitudes for correlating optical and electrical data. CIearly the 

Sample IX XVIII XIX SIA 

Conductivity: 
d (8-l cm-l) 

Carrier Density: 
?ze (cme3) 

Hall Mobility: 
Ro ~~z~V set) 

Donor Densities : 
Na (a+> 

Effective Mass: 
me (electron masses) 

1 x10-s 

4 x 1014 

15 

1.1 x 1020 

0.65 

3 x 10-4 1 x 10-s 60 

3 5 x 10’4 8 x 1014 1.2 x lo’* 

7 80 315 

not available 1.4 x 10s” not available 

not available 0.91 not available 

E+ The appropriate values are 0.31 and 0.33 eV 
for Samples IX and XIX, respectively. 

At the present time, neither the existing data 
nor a suitable theory concerning the origin of the 
donor states allows a definitive choice to be made 
between the two possibilities. However, the latter 
seems less likely since a very high degree of com- 
pensation would indicate the possibility of ob- 
serving p-type conduction in random specimens 
and this has not occurred. 

A further point is important. The density-of- 
states effective mass calculated using the com- 
pensated semiconductor analysis will have a 
maximum value equal to that given in Table I. 

DISCUSSION AND CONCLUSIONS 

Considering the nature of the specimens 
studied, it must be emphasized that the results 
given above can provide only a very preliminary 
step in the description of the conduction mechan- 
ism exhibited by stannic oxide. However, in view 
of the reproducibility of results on individual 
samples and between samples obtained from 
different sources at different times, as well as the 
comparable magnitude of certain of the para- 
meters reported by other investigators on film 
and powder samples, it is expected that there will 
be a significant carryover of interpretation to 

conductivity observed near 500°K is extrinsic 
in character. The data of Foxx(Ia) above 1000°K 
provide intrinsic activation energies ranging from 
3 *74 to 4.0 eV depending upon whether the sample 
was heated in an atmosphere of oxygen or in a 
vacuum. The first value is in good agreement with 
the O’K extrapolation of the forbidden energy gap. 

The assignment of the value O-7 eV to the donor 
activation energy in the preceding section is 
favored by optical tr~smission results at wave- 
lengths less than 2 p. Sample SII of Fig. 1 gives 
a typical example of the transmission decrease 
approaching the short wavelength cutoff. In the 
lowest conductivity specimen studied, a distinct 
transmission plateau centered at 1.6 p (0.77 eV) 
was observed. The nature of the donor centers is 
unknown. At present they would appear to be due 
to a complex combination of oxygen vacancies, 
interstitial impurities and O-H groups. Extension 
of conductivity measurements to higher and lower 
temperatures and to selectivity doped synthetic 
samples is needed to clarify the situation. 

While the 3.07 p absorption is attributed to the 
presence of O-H groups, the magnitude of 
secondary absorptions increases with increasing 
impurity content and room temperature conduc- 
tivity. The suggestion is made that the usual O-II 
stretching frequency is slightly modified when the 
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group finds itself in close proximity to an ion clusion that stannic oxide behaves as a relatively 
foreign to the lattice. This is a situation which straightforward, broad-band semiconductor in 
occurs with high probability when the density the extrinsic conductivity region above room 
of donor states is large. temperature. 

The magnitude of the optical absorption beyond 
2 TV shows only a very slight increase with tem- 
perature below 500°K indicating that free electron 
absorption is not significant for carrier densities 
below 101s cm-s. Above a density of 101s cm-s as 
exhibited by Sample SIA, the effect is large. 
THOMA@) places a lower limit of 5 x 1017 cm-s 
on the onset of free carrier absorption in zinc 
oxide and MILOSLAVSKII and LYASHENKO@~) have 
observed a linear dependence of the absorption 
coefficient on electron concentration in stannic 
oxide thin film samples. Their data includes no 
specimens with electron densities less than 
10lg cm-3. 
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